INTERNATIONAL JOURNAL OF CIVIL ENGINEERING AND 

TECHNOLOGY (IJCIET) 



ISSN 0976 - 6308 (Print) 

ISSN 0976 - 6316(Online) 

Volume 6, Issue 5, May (2015), pp. 45-64 

© lAEME: www.iaeme.com/Ijciet.asp 

Journal Impact Factor (2015): 9.1215 (Calculated by GISI) 

www.jifactor.com 



IJCIET 



©lAEME 



CHEMICAL AND PHYSICO-MECHANICAL PROPERTIES 
OF COMPOSITE CEMENTS CONTAINING MICRO- AND 

NANO-SILICA 



Saleh Abd El-Aleem^'* Abd El-Rahman Ragab^ 

Chemistry Department, Faculty of Science, Fayoum University, Fayoum, Egypt 
^Quality Department, Lafarge Cement, El Kattamia, El Sokhna, Suez, Egypt 



1.* 



ABSTRACT 



Portland cement is one of the most used materials in the world. Due the environmental 
problems related to its use, such as CO2 emission and use of non-renewable raw materials, new 
materials are being researched. In the recent years, there is a great interest in replacing a long time 
used materials in concrete structure by nanomaterials (NMs) to produce concrete with novel function 
and better performance at unprecedented levels. NMs are used either to replace part of cement, 
producing ecological profile concrete or as admixtures in cement pastes. The great reactivity of NMs 
is attributed to their high purity and specific surface area. A number of NMs been explored and 
among of them nanosilica has been used most extensively. This work aims to study, the chemical 
and physico-mechanical properties of composite cements containing silica fume (SF) and nanosilica 
(NS). Different cement blends were made from OPC, SF and NS. OPC was substituted with SF up to 
15.0 mass, %, then the SF portion was partially replaced by NS (2.0, 4.0 and 6.0 mass, %). The 
hydration behavior was followed by determination of free lime (FL) and combined water (Wn) 
contents at different curing ages. The required water for standard consistency (W/C), setting times 
(IST&FST), bulk density (BD) and compressive strength were also estimated. The hydration 
products were analyzed using XRD, DTA and SEM techniques. The results showed that, both of SF 
and NS improve the hydration behavior and physico-mechanical properties of composite cements. 
But, NS possesses higher improvement level than SF. This is due to that, both of them behave not 
only as filler to improve the microstructure, but also as activator to promote pozzolanic reaction, 
which enhances the formation of excessive hydration products. The higher beneficial role of NS is 
mainly due to its higher surface area, filling effect and pozzolanic activity in comparison with SF. 
The composite cement containing 85.0 % OPC, 11.0 % SF and 4.0 % NS gave the optimum 
mechanical properties at all ages of hydration. 

Key Words: Composite cement; Hydration; Microsilica; Mortar; Nanosilica 
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1. INTRODUCATION 

Portland cement is widely used in the world nowadays, with a global consumption. Due the 
environmental problems related to its use, such as CO2 emission and use of non-renewable raw 
materials. These information shows how important is to reduce cement Portland consumption due 
the environmental problems caused by its production. Hence, alternative materials are being 
researched to diminish these problems. Reduction of energy usage can be taken place even by design 
methods or using supplementary cementitious materials (SCMs) (e.g., granulated blast furnace slag 
(GBFS), fly ash (FA), and silica fume) in cement concrete, either as a mineral admixture or a 
component of blended cement [1]. Nowadays, the use of SCMs is not only for ecological reasons, 
but also technological, because these materials increase the mechanical properties and improve the 
durability of cement mortars and concretes [2, 3]. 

Thomas et al.[4] concluded that, the superior performance of blended cements over those of 
PC is mainly due to the following: i) The pozzolanic reaction of SCMs with free lime (CH) produced 
by cement hydration, which reduces gypsum formation; ii) The reduction of C3A content, i.e. 
dilution effect; iii) The reduction of pH value therefore, the ettringite becomes less expansive; iv 
)The formation of additional amounts of CSH, which produces a coating film on the alumina-rich 
and other reactive phases, thereby hindering the formation of secondary and lastly ettringite; and v) 
The formation of secondary CSH also results in pore size refinement, which reduces the permeability 
as well as the ingress of aggressive ions. 

Among of the most reactive commonly used SCMs deserve a special place; silica fume (SF) 
has a beneficial effect on concrete performance [5, 6]. SF is a byproduct of the smelting process in 
the silicon and ferrosilicon industry. It is also known as micro silica (|iS), condensed silica fume 
(CSF) or silica dust (SD). SF consists of very fine vitreous particles with a surface area between 
13,000 and 30,000 m^/Kg. Because of its extreme fineness and high silica content, SF is a highly 
effective pozzolanic material [7-9]. 

In the recent years, there is great interest in replacing a long time used materials in concrete 
structure by new materials to produce cheaper, harder and durable concrete. There are large numbers 
of applications of nanotechnology in construction engineering field [10-12]. It is being accepted that, 
by adding a portion of nanoparticle, even at a very small content, the properties of cement-based 
material can be enhanced to a great extent in respects of workability, strength gain and durability 
[13, 14]. The great reactivity of nanomaterials (NMs) is attributed to their high purity and specific 
surface area in relation to their volume [15]. Due to their sizes, some researchers have recorded an 
increased water demand for mixtures containing NMs of the same workability [16-18]. 

The role of nano-particles (NPs) in cement can be summarized as follow: i) NPs act as fillers 
in the empty spaces; ii) NPs act as crystallization centers of hydrated products, increasing cement 
hydration; iii) NPs assist towards the formation of small sized CH crystals as well as homogeneous 
clusters of C-S-H; and iv) NPs improve the structure of ITZ [19, 20]. 

During the last decade, a number of NMs have been used in concrete such as SiOa, CaCOs, 
Ti02, ZnOi, AI2O3, FeiOs. Among them, nano-SiOi (NS) has been used extensively in cementitious 
system [21-26]. This is mainly due to that, NS-particles enhance the compressive strength and 
reduces the permeability of hardened concrete, due to its pozzolanic properties, which result in finer 
hydrated phases and densified microstructure (nano-filler and anti-Ca(0H)2-leaching effect) [27-30]. 

The application of |aS and NS for sustainable development of concrete industry would save 
not only the natural resources and energy but also protect the environment with the reduction of 
waste material. Li et al. [31] have been investigated the properties of cement mortars with different 
NMs, it has been accepted that, NS particles not only are environment-friendly but also could lead to 
better results in comparison with \xS. Nanosilica can improve the concrete properties and provides 
concrete with higher long life service. In addition, NS helps to improve the water and chemical 
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impermeability; and decreases the final cost of concrete. The application of |jS and NS in concrete 
involves two different mechanisms. The first one is the chemical effect: the pozzolanic reaction of 
SiOi with free lime forms more C-S-H. The second function is a physical one. Micro- and Nano- 
SiOi can fill the remaining voids in the young and partially hydrated cement paste, increasing the 
final bulk density. The pozzolanic activity and filling effect of NS are higher than those of |iS. This 
due to the much greater surface area of NS in comparison with \iS [32-34]. 

Few extensive studies have been done regarding the use of micro- and nano-silica in cement 
paste, mortar and concrete. This work aims to study the properties of composite cements containing 
combinations of |aS and NS. Portland cement type (I) was partially substituted with SF up to 15.0 
mass, %, then the SF portion was replaced by equal amounts of NS (2.0, 4.0 and 6.0 mass,%). The 
hydration behavior of the prepared cement blends with and without NS was studied and the 
hydration products were identified using XRD, DTA and SEM techniques. 

2. MATERIALS AND EXPERIMENTAL TECHNIQUES 

2. 1. Materials 

The materials being used in this investigation were OPC, silica fume (SF) and nanosilica 
(NS). OPC with Blain surface area of 3000+50.0 cm /g was provided from Lafarge Cement 
Company, Egypt. Silica fume with specific surface area of about 30.774+2 mVg was supplied from 
Sika Chemical Company, Egypt. NS with average particle size, Blain surface area and purity 
percentage of 15.0 nm, 50.0m /g and 99.9% respectively was supplied from Nanotechnology Lab, 
Faculty of Science, Beni-Suief University, Beni-Suief, Egypt. The oxide analyses of OPC and SF 
obtained by X-ray fluorescence (XRF) spectrometry are summarized in Table 1. The mineralogical 
composition of the cement used is listed in Table 2. 



Table 1: Chemical oxide analysis of OPC (mass, %) 



Oxides 


Si02 


AI2O3 


FC2O3 


CaO 


MgO 


SO3 


Na20 


K2O 


L.O.I 


Total 


OPC 


19.30 


3.94 


3.80 


62.67 


1.90 


3.22 


0.44 


0.39 


3.04 


99.70 


SF 


94.81 


0.16 


0.84 


0.89 


0.49 


0.08 


0.05 


0.20 


2.43 


99.95 



Table 2: Mineralogical composition of OPC 



Compound 


Abbreviation 


Chemical formula 


Content, % 


Tri-calcium silicate 


C3S 


3CaO.Si02 


66.08 


Di-calcium silicate 


C2S 


2CaO.Si02 


5.50 


Tri-calcium aluminate 


C3A 


3CaO.Al203 


4.02 


Tetra-calcium aluminoferrite 


C4AF 


4CaO.Al203.Fe203 


11.55 



2. 2. Experimental Techniques 

The nanosilica (NS) used in this study was prepared as described in our previous work [18]. 
The amorphous glassy nature of SF and NS was verified by XRD and SEM techniques (Figs. 1-4). 
Also, the NS structure was scanned using TEM (Fig. 5). The starting materials (OPC, SF and NS) 
were completely dried at 1 10°C for 2.0 hrs. Each dry mix was blended in a steel ball mill using some 
balls for 1.0 h to attain complete homogeneity. The cement blends were mixed in a rotary mixer. NS- 
particles are not easy to disperse uniformly in water, due to their high surface energy. Accordingly, 
the mixing was performed as follows: (i) NS was stirred with 25.0 % of the required water for 
standard consistency at high speed of 120 rpm for 2.0 min, (ii) The cement containing SF and the 
residual amount of mixing water were added to the mixer and homogenized at medium speed (80 
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rpm) for another 2.0 min, (iii) The mixture was allowed to rest for 90.0 s, and then mixed for 1.0 min 
at high speed (120 rpm) and (iv) The paste was manually placed, pressed and homogenized in 
stainless steel moulds. After the top layer was compacted, the top surface of the mould was 
smoothened by the aid of thin edged trowel. For preparation of mortars, the sand was added 
gradually and mixed at a medium speed for an additional 30 s after step (ii). The mortars were 
prepared according to ASTM (C 109-93) by mixing 1 part of cement and 2.75 parts of Lafarge 
standard sand proportion by weighing with water content sufficient to obtain a flow of 110+5 with 
25 drops of the flowing table [35, 36]. All the mortar specimens were cast in steel molds (50x50x50 
mm cubes), demolded after 24 h and then cured in fresh tap water at 23.0+2.0 C until the time of 
testing. The mix compositions of the prepared cement blends are given in Table 3. The required 
water of standard consistency was measured to get all specimens having the same workability. The 
required water of consistency and setting times for each mix were determined according to ASTM 
specification [37]. After the predetermined curing time, the hydration of cement pastes was stopped 
as described in a previous work [38]. The chemically combined water (Wn), free lime (FL) and bulk 
density (BD) were determined as mentioned elsewhere [39-41]. The compressive strength of the 
tested mortars was measured according to the ASTM specifications (C-150) [42]. A compressive test 
was carried out in a hydraulic universal testing machine (3R), Germany, of a 150.0 MPa capacity. To 
verify the mechanism predicted by the chemical and mechanical tests, some selected hydrated 
samples were investigated using XRD, DSC, TG and SEM techniques. 
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Fig 3: SEM of SF Fig. 4: SEM of NS Fig. 5: TEM of NS 



Table 3: Mix composition of OPC and blended cements, mass% 



Mix No. 


OPC 


SF 


NS 


MO 


100 


0 


0 


Ml 


95 


5 


0 


M2 


90 


10 


0 


M3 


85 


15 


0 


M4 


85 


13 


2 


M5 


85 


11 


4 


M6 


85 


9 


6 



For XRD, a Philips diffractometer PW 1730 with X-ray source of Cu Ka radiation (k= 1.5418 
A°) was used. The scan step size was 20, the collection time Is, and in the range of 20 from 10.0° to 
55.0°. The X-ray tube voltage and current were fixed at 40.0 KV and 40.0 mA respectively. An on- 
line search of a standard database (JCPDS database) for X-ray powder diffraction pattern enables 
phase identification for a large variety of crystalline phases in a sample. The DTA was carried out in 
air using a DT-30 Thermal Analyzer Shimadzu Co., koyoto, Japan. Calcined alumina was used as 
inert material, about 50 mg (-76|am) of each. The finely ground hydrated cement paste were housed 
in a small platinum-rhodium crucible. A uniform heating rate was adopted in all of the experiments 
at 20°C/min [43]. The microstructure was investigated by SEM, model quanta 250.0 FEG (Field 
Emission Gun), with accelerating voltage 30.0 K.V., magnification power 14 x up to 1000000 and 
resolution for Gun. In). FEI Company, Netherlands. 

3. RESULTS AND DISSUSIONS 

3.1. Characteristics of Composite Cements Containing Micro-Silica 

The variations of water of consistency (W/C, %) as well as initial and final setting times 
(IST&FST) of the prepared cement pastes are graphically represented in Fig. 6 (A&B). It is clear 
that, the water demand increases and setting times are elongated with SF content. This is due to its 
higher surface area in comparison with OPC. The elongation rate of 1ST is higher than that of FST, 
due to the increase of the formed CSH with the increase of SF portion, which tends to fast setting 
[44]. 



49 



International Journal of Civil Engineering and Technology (IJCIET), ISSN 0976 - 6308 (Print), 
ISSN 0976 - 6316(Online), Volume 6, Issue 5, May (2015), pp. 45-64 © lAEME 



34 




24 - 



n ' 1 ' 1 ' 1— 

0 5 10 15 

Silica fume contents, % 



Fig. 6 (A): Water of consistency of OPC-SF pastes with SF, % 




Silica fume contents, % 



Fig. 6 (B): Initial and final setting times of OPC-SF pastes with SF, % 

The pozzolanic reaction of SF can be followed by monitoring the values of free lime (FL, %) 
of hydrated pastes with curing time up to 90 days in Fig. 7. The results indicate that, the values of FL 
increase with curing time for OPC pastes. This is due to the hydration progress cement clinker 
phases liberating successive amounts of free Ca (0H)2. hi contrast, FL contents of SF-cement pastes 
decrease with curing time as well as SF, %. There are two opposing processes, the first is the 
hydration of cement phases (lime production) and the second is the pozzolanic reaction of SF with 
free Portlandite (lime consumption). The rate of the second process exceeds that of the first. 
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Fig. 7: Free lime contents of OPC-SF pastes with curing time 

The chemically combined water contents (Wn, %) of the hydrated pastes are plotted as a 
function of curing time in Fig. 8. The values of Wn increases with curing age for all hydrated 
cements, due to the continuous hydration of cement phases in addition to the pozzolanic reaction of 
SF-portion with the liberated lime, leading to additional amounts of hydrated products with higher 
Wn, %. At a given curing age, the SF-blended cements have higher Wn, % in comparison with the 
neat cement. Also, the Wn values increase with SF up to 10 mass, % and then decrease, but still 
higher than that of the control sample. The increase of Wn. %, with SF content up to 10 mass, % 
seems to be due to the higher pozzolanic activity of SF to react with free lime, leading to the 
formation of more CSH. On the other hand, the higher amount of SF (>10 mass, %) decreases the 
Wn, %. This is mainly due to three factors, the first is dilution of OPC with SF; the second is the 
blocking effect of SF at higher contents; and the third is the formation of more CSH with low 
combined water contents [45]. 
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Fig. 8: Combined water contents of OPC-SF pastes with curing time 
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The variations of bulk density and compressive strength of the hydrated cement mixes are 
plotted as a function of curing time up to 90 days in Figs. 9 and 10, respectively. The results show 
that, the bulk density as well as compressive strength increases with curing time for all hydrated 
cements, due to the continuous hydration of cement phases [46] and the Pozzolanic reaction of SF 
with the liberated Portlandite, leading to the formation and accumulation of excessive amounts of 
denser products (CSH, CAH and CASH). It is clear that, SF-cement mortars behave mechanically 
better than the control, especially after 7 days of hydration. At early hydration ages, the density of 
cement mortars with 10 mass, % SF is lower than that of OPC, due to the high mixing water of SF- 
cement. On prolong hydration, the formed CSH from SF-pozzolanic reaction increases in addition to 
that of cement hydration. Cement blends with 10 mass, % SF give higher compressive strength than 
those containing 15 mass, % SF. It can be concluded that, OPC could be advantageously replaced by 
10 mass, % SF, which is the most effective level for producing high-performance SF-blended 
cement. 





Curing time, (days) 

Fig. 10: Comressive strength of hardened SF-cements with curing time 
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The hydration characteristics of M3 with curing time can be followed from XRD patterns in 
Fig. 11. It can be seen that, the intensity of CSH and CC peak increases with curing age in contrast 
with those of CH and unhydrous silicates ( P-C2S and C3S ), due to the pozzolanic reaction of SF 
with Free lime. The decrease of Portlandite is mainly due to the pozzolanic reaction of SF with 
Portlandite. Also, the sharp increase of C peak is mainly due to the carbonation of Portlandite. 




To 20 30 40 SO 

2-Xheta, (degree) 



Fig. 11: XRD patterns of M3 with curing time 

Fig. 12 represents the XRD patterns of different cement mixes (MO, Ml, M2 and M3) 
hydrated at 28-days. The intensity of CSH and calcite peaks increase with SF percentage up to 10 
mass, % and then decrease, but still higher than those of MO . The increase of the intensity of CSH 
and calcite with SF content up to 10 mass, % seems to be due to two factors, the first is the 
nucleating effect of SF to promote cement hydration and the second is the pozzolanic activity of SF 
to react with free lime. The two factors work together to increase CSH and calcite phases. On the 
other hand, the higher amount of SF (>10 mass, %) slightly decreases the intensity of tobermorite 
and calcite peaks. This is may be due to the dilution and blocking effects of SF at higher contents. 
The peaks of anhydrous silicate and Portlandite phases in case of OPC are higher than those of SF- 
cements. 
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The DTA thermograms of M3 at different hydration ages are shown in Figs. 13. The DTA 
thermograms illustrate three endothermic peakes. The first appears around 100°C, which is due to the 
moisture removal and decomposition of CSH. The intensity of this peak increases with curing time, 
due to the continuous hydration of OPC and pozzolanic reaction of SF with free lime, forming 
additional hydration products mainly CSH-gel. The second endotherm present at 400-450°C and 
refers to the de-hydroxylation of Ca (0H)2. Its intensity decreases with curing age, due to the 
pozzolanic reaction of SF with the Portlandite liberated from the hydration of cement lincker. The 
third endothermic peak at 750°C refers to calcite (CC) phase and behaves in the same manner of 
CSH. 




Fig. 13: DTA thermo grams of M3 hydrated as a function of curing age 

Fig. 14 represents the DTA thermograms of different cement mixes (MO, Ml, and M3) 
hydrated at 28 days. The results show that, similar hydration products are found in both OPC and 
OPC/SF samples. The Portlandite peak presented at 450-500°C is smaller in the SF containing mixes 
compared to the control one. Also, its intensity diminishes with SF, %. This behavior is due to two 
factors work together to detract the lime content. The first is the dilution effect when SF replaced 
OPC, because less free lime is formed in the cement hydration; the second is the Portlandite 
consumption by pozzolanic reaction with SF. Micro-silica does not act only as pozzolanic material 
but also as nucleation sites for hydration products from OPC, leading to the enhancement of the 
hydration reaction rate. The CSH and CC peaks behave in opposite manner of Ca (0H)2 peak. 




TonpeiainiB C^T) 



Fig. 14: DTA-thermograms of different mixes (MO, Mland M3) hydrated at 28 days 
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3.2. Characteristics of Composite Cements Containing Nano-Silica 

The variations of water of consistency as well as setting times of the investigated cement 
pastes are graphically plotted in Fig. 15(A&B). The results show that, the pastes containing NS 
require slightly higher water demand than the control paste. Also, the water of consistency increases 
and setting times shorten with NS content. The elongation of setting times at 2 wt., % NS is mainly 
due to the increase of mixing water. As the amount of NS content increases the setting times are 
shortened due to the excess amounts of CSH, which is the main binding agent. The difference 
between initial and final setting times is reduced with the increase of NS content. This is due to the 
higher surface area of NS in comparison with SF. Therefore, the physicochemical effect of the 
former is likely more substantial than the latter. NS accelerates the hydration of cement phases, 
especially at earlier hydration ages through creation of additional surface by silica aggregates for 
early precipitation of hydration products, which is responsible for reduction in the difference 
between the initial and final setting times of cement pastes. The substitution of SF with NS increases 
the water of consistency of cement paste up to 4 wt. %, and then decreases at 6 wt. %. [47]. 





Fig.15 (B): Initial and final setting times of blended cement pastes with NS,% 
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The values of free lime (FL) of the hydrated mixes as a function of curing time are 
graphically depicted in Fig. 16. It can be seen that, the F.L, % decreases with curing time for all 
pozzolanic cement pastes. But, the free lime contents of composite cements containing NS and SF 
are lower than those of only SF. This seems to be due to, the lower pozzolanic affinity of SF 
comparing to NS. Therefore, the rate of FL consumption in NS-mixes is higher than that of SF- 
mixes, especially at earlier hydration ages. The pozzolanic activity of siliceous material depends 
mainly on the amorphous silica content and surface area of pozzolana. Therefore, NS behaves better 
than SF in cement hydration at all hydration ages. 




Fig. 16: Free lime contents of hydrated M3, M4, M5 and M6 with curing time 

Fig. 17 represents the variation of Wn, % of the investigated mixes with curing age and NS, 
%. It is obvious that, the values of Wn increase with curing time for all hydrated cements, due to the 
continuous hydration of cement as well as the pozzolanic reaction of both NS and SF portions with 
the liberated Ca(0H)2, leading to the formation of additional hydration products with high water 
contents. The values of Wn increase with NS content up to 4 wt. %, and then decrease. 




Curing time, (days) 



Fig. 17: Combined water contents of hydrated M3, M4, M5 and M6 with curing time 
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The effect of NS on the bulk density and compressive strength of OPC-SF blended cement 
mortars with curing age are graphically plotted in Figs. 18 and 19, respectively. Generally, the 
compressive strength is a reflection of bulk density, i.e. the two properties behave in the same 
manner. It can be seen that, the values of bulk density and compressive strength increase with curing 
time for all hydrated cement blends, due to the hydration progress, which leads to the formation of 
successive hydrated products that precipitated in the open pores originally filled with water. On the 
other side, the presence of NS up to 4 mass, % sharply increases the bulk density, and then slightly at 
6 mass, %. Both of SF and NS don't act only as filler, but also as pozzolanic additives. But, the 
pozzolanicity and filling effect of NS are higher than those of SF. The cement mix, M5 gives 
desirable hydration characteristics and mechanical properties at all hydration ages. 




1 10 100 

Curing time, (days) 



Fig. 18: Bulk density of hardened mortars (M3, M4, M5 and M6) with curing time 




Fig.l9: Comressive strength of hardened mortars (M3, M4, M5 and M6) with curing time 
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Fig. 20 represents the XRD patterns of the hydrated M5 with curing time up to 90-days. The 
results show that, with curing time, the intensity of CSH and calcite peaks decrease in contrast with 
those of CH and silicate minerals (CiS & C3S). This is mainly attributed to the hydration progress of 
cement clinker phases as well as the pozzolanic reactions of both SF and NS with the liberated 
Portlandite, forming additional amounts of CSH. The carbonation of hydration products and residual 
lime with atmospheric CO2 increases with curing time. 



CSH+CC. 



C3S 
C2S, 



CC=CaCO, 



10 



20 



30 



40 



50 



2-Theta, (degree)) 



Fig. 20: XRD patterns of hydrated M5 with curing age 

The XRD patterns of hydrated M3 and M5 at 7-days are plotted in Fig. 21. It is obvious that, 
the intensity of hydration products and calcite peaks of M5 are higher than the corresponding peaks 
of M3. But, CH and unhydrous silicate phases behave in opposite manner and decrease with the 
presence of NS. This is principally attributed to the higher pozzolanic affinity and filling effect of 
nano-silica comparing to micro-silica. 



I 




30 40 

2-Theta, (degree)) 



Fig. 21: XRD patterns of hydrated M3 &M5 at 7 days 
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The effect of curing time on the hydration characteristics of M5 can be seen from the DTA 
thermograms in Fig. 22. The results show that, the endothermic peaks of CSH and calcite phases 
increase with curing time in contrast with the endothermic peak at 400-500°C, which refers to the de- 
hydroxylation of protlandite. This is due to the pozzolanic reaction of SF as well as NS. 




Fig. 22: DTA thermograms of hydrated M5 with curing age 

The DTA-thermograms of different mixes (M3, M4 and M5) hydrated at 7-days are plotted in 
Fig. 23. There are three endothermic peaks located at about 90, 450, and 740°C. The peak located 
below 100°C is due to interlayer water of CSH. The peak at approximately 450°C assigned to the 
dehydration of free Ca (0H)2. The third peak at about 740°C is associated with the decomposition of 
calcium carbonate (CC). The intensity of Ca (0H)2 peak decreases with the increase of NS, %, in 
contrast with those of CSH and CC peaks, which are decreased with NS content. This is mainly due 
to the higher pozzolanic activity, filling action and nucleating effect of NS than those of |aS. The 
results of DTA analysis are in a good harmony with those of mechanical properties and XRD 
analysis. 
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Fig. 23: DTA thermograms of different mixes (M3, M4 and M5) hydrated at 7 days 
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Fig. 24 represents SEM micrographs of MO (OPC), M3 (85% OPC+15% SF) and M5 (85% 
OPC+11% SF+4% NS) at 7 days. It is clear that, the three examined mixes possess dense and 
amorphous structures, but the control mix (MO) shows a mixture of hydration products with porous 
structure of ill crystalline C-S-H and relatively more Portlandite content compared to M3 and M5. 
The M5 micrograph indicates denser structure with interlocking arrangements than that of M3, 
because NS have higher pozzolanic activity, filling effect and nucleating action than SF. This is in a 
good agreement with XRD, DTA, FL, bulk density and compressive strength results. The mechanical 
properties of cement mortars depend not only upon the interaction forces acting between the 
individual particles, but also on the properties of paste/aggregate interfacial transition zone (ITZ) 
[48-51]. 
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Fig. 24: SEM of Different Mixes (MO, M3 and M5) Hydrated At 28 Days 



4. CONCLUSION 



From the findings of OPC-SF blended cements it can be concluded that: 



I- The water demand increases and setting times are elongated with SF content up to 15%. This is due 
to its higher surface area in comparison with OPC. 

II- Free lime contents (FL, %) contents of SF-cement pastes decrease with curing time as well as SF, 
%. This due to two opposing processes, the first is the hydration of cement phases (lime production) 
and the second is the pozzolanic reaction of SF with free lime consumption). The rate of the second 
process exceeds that of the first. 

III- The combined water contents (Wn, %) increase with SF up to 10 mass, % and then decrease, but 
still higher than that of the control sample (OPC). The increase of Wn. %, with SF content up to 10 
mass, % seems to be due to the higher pozzolanic activity of SF to react with free lime, leading to the 
formation of more CSH. The higher amount of SF (>10 mass, %) decreases the Wn, % due to three 
factors, the first is dilution of OPC with SF; the second is the blocking effect of SF; and the third is 
the formation of more CSH with low combined water contents. 
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IV- The bulk density and compressive strength of cement mortars with 10 mass, % SF is higher than 
that of OPC, especially at later ages of hydration (> 7-days). OPC could be advantageously replaced 
by 10 mass, % SF, which is the most effective level for producing high-performance SF-blended 
cement. 

V- The results of XRD and DTA are in a good agreement with those of physico-mechanical 
properties and indicate that, OPC could be advantageously replaced by 10 mass, % SF to produce 
high-performance blended cement. 

From the gathered findings of OPC-SF-NS composites it can be concluded that: 

I- The water demand increases with NS content up to 6.0 mass, %, due to the increase of surface area 
and decrease of crystal lattice. The initial and final setting times are elongated by replacement of 
OPC with 2.0 mass, % NS, due to the high water of consistency. As the NS content increases up to 
4.0 %, the setting times are shortened, due to the formation of excessive amount of CSH, which 
accelerates the setting. 

II- The free lime contents of blended cements containing NS and SF are lower than those of only SF, 
due to the higher pozzolanic activity of NS comparing to SF. 

III- The values of Wn increase with NS content up to 4 wt. %, and then decrease. 

IV- The bulk density and compressive strength of hardened cement mortars increase sharply with NS 
content up to 4 %, and then decrease but still more than those of the control (85% OPC-i-15 % SF). 
This improvement is due to that; NS behaves not only as nano-filler to improve microstructure, but 
also as an activator to promote pozzolanic reaction with free lime. The decrease of mechanical 
properties of composite cement with high NS content (>4.0 mass, %) is due to the decreasing of 
calcium hydroxide that exhausted in the activation process by 4% NS. As any amount more than that 
have no activation and take place of cement by inert powder, so it tends to retard the hydration 
reaction and reduce the mechanical properties. 

V- The results of XRD, DTA, and SEM are in a good harmony with those of FL, Wn, bulk density 
and compressive strength. These results indicate the higher significant role of NS than SF to promote 
cement hydration. The substitution of 4 wt. % SF with NS is the optimum substitution level. 
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